at the onset of gastrulation, coincident with the appearance of the primitive streak marking the site of mesoderm formation and thus the most posterior aspect of the embryo. Recent observations suggest that both the epiblast and overlying primitive endoderm acquire a mo-
Figure 1. Distinct Smad1 and Smad2 Expression Patterns in Early Mouse Embryos
Smad2 mRNA is ubiquitously expressed at pregastrulation (A) and late-streak (B) stages. (C) Sections through an amniotic fold stage embryo confirm that the signal is distributed throughout the embryonic and extraembryonic tissues. (D) Smad4 mRNA is widely expressed in mid-streak stage embryos. (E) Smad1 expression is initially detected at gastrulation in mesoderm cells migrating from the primitive streak. (F) At early head fold stages, Smad1 is most strongly expressed in the primitive streak, lateral mesoderm, and the most anterior, precardiac mesoderm. All embryos are viewed laterally with anterior placed to the left.
contributed by these cytoplasmic effectors during early learn more about possibly distinct expression patterns mammalian development. Moreover, recent reports deof individual Smad family members, we carried out scribe additional Smad family members including Smad5 whole-mount in situ hybridization experiments. Smad2 and Smad3, which are remarkably similar to Smad1 and and Smad4 were both weakly expressed throughout Smad2, respectively Nakao et al., 1997a;  the embryo at day 6.0, the earliest time point analyzed Suzuki et al., 1997) . Inhibitory Smad's such as Smad6
( Figure 1 ). Following the onset of gastrulation, as exand Smad7 have been shown to function as antagonists pected, Smad2 transcripts were uniformly expressed of TGF␤ signaling (Hayashi et al., 1997; Imamura et al., throughout all tissue layers ( Figure 1C ). In contrast, 1997; Nakao et al., 1997b) . Thus, a high degree of fine Smad1 mRNA was not detectable prior to gastrulation. tuning created by the specific molecular associations Interestingly, Smad1 expression initially appears in the amongst diverse TGF␤ receptor complexes and Smad mesodermal cell populations emerging on both sides of family members serves to regulate their signaling propthe primitive streak ( Figure 1E ). One day later, at the erties.
early head fold stage, Smad1 is expressed at highest To learn more about the molecular signals that control levels in the primitive streak, the lateral mesoderm, and patterning in the early mammalian embryo, we generthe most anterior precardiac mesoderm ( Figure 1F ). ated a loss-of-function mutation of the Smad2 gene, Smad1, -2, and -4 are expressed throughout all the tiswhich functions as an essential mediator of TGF␤ and sues of the embryo at later stages (day 8.5, 6-8 somites). activin signaling. The present experiments demonstrate Smad2 signals are not essential for mesoderm induction Loss of Smad2 Activity Results in Early per se. Rather, the Smad2 pathway determines anteriorEmbryonic Lethality posterior identity both within the epiblast and in the To investigate whether Smad2 signaling is essential for overlying visceral endoderm. Remarkably, in the abearly mammalian development, we created a loss-ofsence of Smad2 the epiblast exclusively forms extraemfunction mutation via homologous recombination in ES bryonic mesoderm and fails to give rise to the three cells. A positive/negative targeting vector containing 6 primary germ layers, namely ectoderm, mesoderm, and kb of 5Ј and 5 kb of 3Ј genomic homology was designed the definitive endoderm of the embryo. Moreover, chito replace the first coding exon with the MC1neo casmera experiments described in this report demonstrate sette ( Figure 2 ). Six out of eight targeted ES clones gave that Smad2 signals responsible for early A-P axis formarise to male chimeras that transmitted the mutation to tion are contributed by the extraembryonic tissues. their offspring. Smad2 ϩ/Ϫ heterozygotes were phenoThese findings thus reveal a distinct feature of early typically normal, but we failed to detect any live-born mammalian development, namely that initial anteriorhomozygous progeny from intercross matings (Ͼ300 posterior identity is provided by a TGF␤-dependent sigoffspring screened). To examine the timing of developnal originating in the extraembryonic cells. mental arrest, embryos from Smad2 ϩ/Ϫ intercross matings were genotyped by PCR. At 8.5 and 9.5 days of Results development, we recovered Mendelian ratios of homozygous embryos. However, Smad2 embryos are reSmad1, -2, and -4 Expression Patterns in Early sorbed shortly thereafter, since we failed to identify any Postimplantation Stage Mouse Embryos homozygous mutant embryos at day 12.5 pc. The homoAt late gastrulation stages, mouse embryos broadly express Smad2 transcripts (Baker and Harland, 1996) . To zygous mutant embryos derived from all six ES cell clones exhibited identical tissue disturbances described VYS is initially formed during gastrulation when the extraembryonic mesoderm migrates around the exocoebelow, irrespective of whether the mutation was analyzed on an inbred or outbred background. This allele lom and comes to underlie the visceral endoderm, a derivative of the primitive endoderm. The visceral endoof Smad2 has been designated Smad2 Robm1 . At 8.5 days of development, as shown in Figure 3 , derm initially covers both the extraembryonic and embryonic ectoderm, but during gastrulation endoderm the extraembryonic tissues including the ectoplacental cone, Reichert's membrane, and visceral yolk sac (VYS) overlying the epiblast is displaced proximally by definitive endoderm emerging from the midline (Lawson et appear to develop normally in homozygous Smad2 mutants. In striking contrast, any structures resembling an . Thickened regions of the yolk sac mesoderm termed blood islands embryo proper are completely absent ( Figure 3A ). The give rise to fetal blood cells. To further describe the required for the formation of extraembryonic tissues at early postimplantation stages of mouse development. extraembryonic derivatives in Smad2-deficient embryos, we assessed expression of a panel of molecular markers ( Figure 3) . As expected at the head fold stage, wildSelective Induction of Extraembryonic Mesoderm in Smad2 Mutant Embryos type embryos strongly express AFP localized to the VYS endoderm ( Figure 3B ). Without exception, Smad2 muCell marking and grafting experiments demonstrate that all three germ layers, namely ectoderm, mesoderm, and tant embryos at day 8 of development show ectopic expression of AFP in VYS endoderm surrounding the definitive endoderm, are derived from the epiblast during the process of gastrulation . Since distal portion of the embryo ( Figures 3B and 3C) . As judged by morphological criteria, the yolk sac blood development of the embryo proper appears severely compromised by the loss of Smad2 activities, it was vessels appear to form normally. As a marker for hematopoiesis, we tested for expression of the epsilon form important to examine the specific tissue disturbances underlying this profound defect. We assessed germ of fetal ␤-globin. Whole-mount analysis confirmed abundant fetal erythroid cells localized to blood islands in layer formation and patterning by examining expression of a panel of genes showing regionalized expression in Smad2-deficient embryos ( Figure 3D ). We also examined expression of Flk1, a receptor tyrosine kinase selecthe embryo during late-streak to early head fold stages. As markers for definitive ectoderm, we analyzed exprestively expressed in the endothelial cells of the blood islands (Yamaguchi et al., 1993) and known to be resion of Otx2 and Hesx1. Otx2, a homeobox-containing transcription factor, is initially expressed prior to gastruquired for embryonic vasculogenesis (Shalaby et al., 1997) . As shown in Figure 3E , Smad2 mutant embryos lation throughout the epiblast and gradually becomes restricted to the anterior third of the embryo by the head showed normal patterns of Flk1 expression. The allantois, a derivative of the extraembryonic mesoderm, norfold stage (Ang et al., 1994) . Hesx1 is expressed in the anterior visceral endoderm beginning at pregastrulation mally gives rise to umbilical blood vessels that connect the fetus to the chorio-allantoic placenta. Interestingly, stages onward and in the rostral neurectoderm, eventually becoming confined to the prosencephalic neurecwe also observed balled masses of Flk1-positive cells bearing a strong morphological resemblance to allantoic toderm and rostral foregut by late-streak stages (Hermesz et al., 1996; Thomas and . Fgf8 tissue ( Figures 3E and 3F) . Thus, Smad2 function is not is specifically expressed in the posterior region of the epiblast prior to streak formation (Crossley and Martin, 1995) . During gastrulation, Fgf8 marks the posterior ectoderm cells just prior to their ingression into the primitive streak. The transcription factor Lim1, strongly expressed in mesoderm, is confined to the embryonic region from early streak stages onward (Barnes et al., 1994; Shawlot and Behringer, 1995) . At early allantoic bud stages, Lim1 is also expressed in the cells of the node, the mouse organizer tissue. Cerberus-like (cer-l), a homolog of the secreted molecule Cerberus implicated in head formation in Xenopus (Bouwmeester et al., 1996) , provides a convenient marker for anterior visceral endoderm and definitive embryonic endoderm (Belo et al., 1997; Thomas et al., 1997) . Remarkably, we found no evidence for expression of any of these marker genes in Smad2 mutant embryos ( Figure 4 ). The absence of node tissue and axial mesoderm derivatives was confirmed using a probe for HNF3␤ (data not shown). Thus, at the equivalent of mid-to late-streak stages, none of the normal descendent tissues of the anterior or distal regions of the epiblast are present in Smad2 mutants.
On the other hand, histological data (Figures 4D and 4F) suggested that tissues comprised of a loose mesenchymal cell type, morphologically reminiscent of mesoderm, occupy the embryonic region. Moreover, we observe extraembryonic mesoderm derivatives including fetal blood cells at day 8.5 pc. Fate maps have shown that different mesodermal derivatives arise from different positions along the primitive streak . During the first day of gastrulation, extraembryonic mesoderm is produced from the posterior end of the streak. To examine mesoderm induction and patterning in Smad2 mutants, we assessed expression of Brachyury (T) at day 7.5 of development. T is transiently expressed by nascent mesoderm in the primitive streak placed, being situated laterally and distally, in contrast to the strictly proximal position occupied by this tissue adjacent to this Bmp4-positive mesodermal cell populain normal embryos ( Figure 5E ). However, at slightly later tion ( Figure 5F ). Thus, extraembryonic tissue interacstages the chorion assumes a more normal location due tions appear largely unperturbed in Smad2-deficient to expansion of the VYS ( Figure 5D ). The loosely packed embryos. mesodermal population attached to the surface of the visceral endoderm also weakly expresses Bmp4. In norTissue Disturbances during Gastrulation mal embryos the extraembryonic ectoderm actively inand Streak Formation hibits expression of AFP, thus restricting its expression Results above strongly suggest that Smad2 mutants to visceral endoderm contacting the extraembryonic lack definitive tissues of the embryo, but extraembryonic mesoderm (Dziadek, 1978) . Interestingly, in Smad2 mutant embryos we similarly observe AFP expression only components derived from the epiblast appear relatively unaffected by the loss of Smad2 signals. To describe this pluripotential cell population differentiates, eventually becoming confined exclusively to germ cells (Rosner the underlying cellular and molecular disturbances leading to this distinctive phenotype, we next examined et al. , 1990) . As shown in Figure 6 , the Oct4 expression domain in many Smad2 mutant embryos is displaced Smad2 mutants at early gastrulation stages. As shown in Figure 6 , Smad2 mutant embryos initially form a prolaterally. Sectioning-confirmed Oct4 expression is confined to cells of a columnar and thus epiblast morpholamniotic cavity that in many cases is not retained. These embryos lack a distinct primitive streak, and the epiblast ogy ( Figure 6F ). By the equivalent of mid-streak stages, all Smad2 mutants completely lack Oct4 expression, fails to maintain a uniform columnar appearance (Figures 6A and 6B) . Moreover, the spatial relationship beindicating that pluripotential epiblast cells are prematurely lost. The overall size and total cell numbers are tween the epiblast and the extraembryonic ectoderm is severely disturbed ( Figure 6C) . Normally, the extraemunperturbed in mutant embryos, suggesting that the absence of Oct4 expression is not the result of a proliferbryonic ectoderm directly overlies the epiblast and is displaced proximally by newly formed mesoderm miation defect. Smad2 mutant embryos also exhibit abnormal Fgf8 expression patterns ( Figure 7B ). In normal emgrating from the posterior end of the streak. In contrast, many Smad2
Ϫ/Ϫ embryos fail to demonstrate this proxibryos, the extraembryonic ectoderm lying just proximal to and abutting the rim of the epiblast strongly expresses mal-distal polarity.
To further characterize the embryonic epiblast tissue Bmp4 transcripts ( Figure 6G ) and, coincident with the onset of gastrulation, this population is displaced proxiin Smad2 mutant embryos, we analyzed Oct4 expression. Oct4, a member of the POU family of transcription mally by posterior mesoderm migrating from the streak ( Figure 6H ). At the equivalent stages, Smad2 mutants factors, is strongly expressed by epiblast cells of pregastrulation stage embryos and is down-regulated as display similar Bmp4 expression patterns ( Figure 6I ). 
Smad2 Mutants Fail to Establish
Smad2-deficient embryos maintain correct positional information at the egg cylinder stage of development. As an A-P Axis Recent data suggests that the epiblast is molecularly a marker for nascent mesoderm, we analyzed T expression. As expected, in normal embryos T transcripts appatterned many hours before the initiation of primitive streak formation. For example, nodal transcripts initially pear asymmetrically distributed at very early gastrulation stages. Surprisingly, in contrast, we observe T detected throughout the epiblast gradually become restricted proximally and are subsequently localized to mRNA throughout the epiblast of Smad2-deficient embryos ( Figures 7C and 7D ). This expression is highly the most posterior region of the embryo prior to overt streak formation (Varlet et al., 1997;  Figure 7E ). Similarly, transient, because at later stages, as shown above, Smad2 mutants entirely lack T transcripts. T transcripts initially appear radially throughout the proximal epiblast, and expression is sharply restricted Highly dynamic nodal expression patterns at early stages of mouse development were previously deto the primitive streak during the onset of gastrulation (Thomas and . Additionally, Fgf8 scribed using a nodal.LacZ reporter allele (Collignon et al., 1996) . It was also important to test nodal.LacZ mRNA is selectively expressed on the posterior side of the epiblast prior to gastrulation (Crossley and Martin, expression in the context of the Smad2 mutant background. As expected, in normal embryos we observe 1995). Thus, it was of interest to examine whether that nodal.LacZ expression is rapidly lost from the distal developmental bias was previously exploited to distinguish nodal activities contributed by the embryonic ecregion ( Figures 7E-7G) . In striking contrast, staining appears throughout the epiblast in Smad2 mutants (Figtoderm for primitive streak formation and those provided by the primitive endoderm required for anterior patures 7H-7J). Moreover, widespread nodal expression patterns are maintained at slightly later stages when terning (Varlet et al., 1997) . Similarly here, wild-type ES cells carrying a ubiquitously expressed LacZ gene (Varnodal transcripts normally become strictly confined to the prospective posterior region of the epiblast. Addilet et al., 1997) were injected into host blastocysts from Smad2 ϩ/Ϫ intercrosses. Thus, one-quarter of the resulttionally, Fgf8 expression domains were markedly expanded in Smad2 mutants, showing a detectable hybriding chimeric embryos are comprised of Smad2-deficient primitive endoderm and extraembryonic ectoderm. Apization signal ( Figure 7B ). Thus, we conclude that in the absence of Smad2 function the entire epiblast becomes proximately 70% of the chimeric embryos recovered at day 8.5 and stained for LacZ expression (33/48) were proximal in character.
Mouse embryos have been shown to display morphomorphologically normal and demonstrate widespread ES cell contributions to epiblast derivatives ( Figure 8A ). logical asymmetry at pre-streak stages. Thus, the visceral endoderm overlying the proximal region of the In striking contrast, the remaining 30% (15/48) closely resembled Smad2 Ϫ/Ϫ embryos ( Figure 8B ). Interestingly, embryo appears distinctly thickened in comparison to that located at the distal tip of the egg cylinder. Morethe LacZ-positive wild-type cells in these chimeric embryos all become fated to form posterior mesoderm. As over, the prospective anterior visceral endoderm (AVE) selectively expresses anterior markers such as VE-1 shown in histological section, LacZ ϩ cells give rise solely to extraembryonic mesoderm, fetal blood cells, and tis- (Rosenquist and Martin, 1995) , Hesx1, gsc, Lim1, and Cer-l at pre-streak stages (Thomas and Beddington, sue strongly resembling the allantois ( Figure 8C ). Retrospective genotyping confirmed these chimeric embryos 1996; Thomas et al., 1997) . Recent evidence suggests this extraembryonic cell population provides anterior are derived from the injection of Smad2 Ϫ/Ϫ blastocysts. Thus, massive colonization of the epiblast by wild-type patterning signals during gastrulation Thomas et al., 1997) . Interestingly, the visceral cells fails to rescue the developmental block imposed by Smad2-deficient extraembryonic tissues. endoderm of Smad2-deficient embryos is uniformly thickened over the entire surface of the epiblast ( Figure  6A ). Moreover, as judged by the absence of Cer-l, Hesx1, Discussion and Lim1 expression (Figures 7L and 7M ; data not shown), Smad2 mutants appear to lack a distinct AVE The site of primitive streak formation at the proximal region. Similarly, there was no evidence for nodal exregion of the epiblast marks the prospective posterior pression in the visceral endoderm at these stages (Figside of the mouse embryo. According to current views, ures 7I and 7J). Smad2-deficient embryos also fail to the epithelial sheet delaminates in response to local express Otx2 at early gastrulation stages ( Figure 7K ). cues initiating mesoderm production. On the other hand, These results demonstrate that Smad2 expression is recent experiments suggest that specification of the A-P required for molecular patterning of the visceral endoaxis is determined many hours before the onset of gasderm lineage.
trulation. Thus, a graded pattern of gene expression develops along the proximal-distal axis of the embryo. For example, nodal expression, initially widespread, beEssential Smad2 Signals Are Provided by Extraembryonic Tissues comes restricted proximally and is later excluded from the prospective anterior portion of the epiblast (Varlet ES cells, introduced into blastocysts, predominantly colonize the embryonic epiblast (Beddington and Robertet al., 1997) . Similarly, T transcripts are restricted to the proximal region of the epiblast (Thomas and Bed son, 1989) . Thus, in chimeric embryos ES cell derivatives are confined to the embryonic portion, while the extradington, 1996). Coincident expression of both nodal and T transcripts thus marks prospective mesoderm prior embryonic tissues are of host origin. This pronounced to streak formation . The present severely disturbed in Smad2 mutant embryos. It is obviously important to learn more about this inability to mainresults demonstrate that Smad2 activity confers this molecular asymmetry to the epiblast. Thus, Smad2 mutain proximal-distal polarity at the egg cylinder stage and, in particular, whether abnormalities are predomitant embryos fail to exhibit a distinctive proximal-distal polarity. Rather, nodal as well as T and Fgf8 transcripts nantly caused by defective Smad2 activities in the primitive endoderm, extraembryonic ectoderm, or both tisall appear uniformly expressed throughout the epiblast at a time normally coincident with streak formation.
sues. Perhaps the initiation of primitive streak formation at the proximal rim of the epiblast reflects broadly reThese aberrant gene expression patterns cause profound cellular disturbances. Thus, the anterior region of ceived inductive signals from the extraembryonic ectoderm to elicit nascent mesoderm, acting in opposition the epiblast normally fated to become neurectoderm instead gives rise to posterior mesoderm. These findings to those from the AVE responsible for the formation of anterior structures. Interestingly, recent lineage analysis demonstrate Smad2 function is essential for the establishment of anterior-posterior identity, and these events strongly suggests a small patch of visceral endoderm at the distal tip of the egg cylinder gives rise to the AVE are independent of mesoderm specification per se. Rather, the Smad2 pathway restricts the site of primitive (Thomas et al., 1998) . Thus, the A-P axis appears to derive from this earlier proximal-distal asymmetry. Constreak formation and is essential to maintain the prospective anterior region fated to give rise to anterior sidering that Smad2 mutant embryos display subtle changes affecting tissue architecture of the visceral enmesoderm, surface ectoderm, and neural tissues. Remarkably, in the absence of this pathway the entire epidoderm and lack anterior pattern, we suggest that the loss of signals from this cell lineage is sufficient to disblast adopts a posterior mesodermal fate and extensively proliferates, giving rise to yolk sac mesoderm and rupt the earliest steps of A-P specification. During Xenopus gastrulation, ventral and dorsal sigfetal blood cells.
The loss of Smad2 activity also disturbs development nals act combinatorially to pattern mesoderm formed in the marginal zone (Harland, 1994; Graff, 1997 ; Heasman, of the primitive endoderm lineage. Thus, recent experiments demonstrate a discrete patch of AVE specifically 1997). Recent experiments demonstrate Smad1 functions downstream of Bmp4 to elicit the formation of expressing many of the same genes, such as Hesx1, Cer-l, and Lim1, found later in the node-derived axial ventral mesodermal derivatives such as blood (Graff et al., 1996; Thomsen, 1996) , whereas Smad2 induces mesendoderm hours before primitive streak formation (Thomas et al., 1997) . Functional data suggests the AVE dorsal mesoderm such as the notochord and can mimic the organizer, causing axial duplication (Baker and Harconfers anterior pattern to the epiblast . In contrast, the visceral endoderm land, 1996; Graff et al., 1996) . The present experiments demonstrate that extraembryonic mesoderm derivaof egg cylinder stage Smad2 mutant embryos shows no evidence for any morphological or molecular asymmetives such as fetal blood cells develop normally in Smad2 mutant embryos in the absence of expression of genes try. Instead, the endoderm tissue appears uniformly thickened over the entire surface of the epiblast and such as HNF3␤ and Lim1, which identify anterior axial cell types (Ang et al., 1993; Shawlot and Behringer, entirely lacks AVE marker transcripts. Does the loss of proximal-distal polarity in the epiblast simply reflect the 1995). The Smad2 phenotype thus shows striking parallels to defects exhibited by UV-treated Xenopus emabsence of molecular patterning of the primitive endoderm? Consistent with this possibility, analysis of chimebryos. This treatment selectively destroys dorsal/neuralinducing signals without affecting production of ventral ric embryos reveals that essential Smad2 signals are provided by the extraembryonic tissues. We recently cell types (Heasman, 1997) . In mouse, the Smad2 pathway is initially activated in extraembryonic tissue to used a similar experimental strategy to describe distinct nodal activities contributed by the epiblast and primitive specify anterior cell types. Overexpression of Smad2 in frog similarly elicits formation of dorsal/anterior tissue, endoderm derivatives. Thus, chimeric embryos generated by introducing wild-type ES cells into nodal-defialthough it is unclear when and where the endogenous pathway might normally act in establishing anterior cient host blastocysts proceed beyond gastrulation and instead display anterior patterning defects (Varlet et al., pattern.
In gastrulation stage Xenopus embryos, Bmp4 tran-1997). In contrast here, extensive colonization by wildtype ES cells fails to rescue developmental defects of scripts are present in the marginal zone between the animal and vegetal hemispheres (Heasman, 1997). SimiSmad2-deficient embryos. Rather, wild-type ES cells injected into Smad2 mutant host blastocysts exclusively larly, prior to the onset of mouse gastrulation Bmp4 expression is strictly localized to the distal portion of give rise to extraembryonic mesoderm and tissue strongly resembling the allantois. These findings strengthen the the extraembryonic ectoderm immediately adjacent to the epiblast. These observations suggest that nascent idea that Smad2-mediated signals from the primitive endoderm are necessary for patterning the overlying mesoderm emerging from posterior regions of the primitive streak and migrating across the proximal boundary epiblast.
It is also possible that essential patterning function(s) of the epiblast is efficiently exposed to abundant Bmp4 signals. Interestingly, Smad1 transcripts initially appear are contributed by the extraembryonic ectoderm. Considering their well-known developmental fates (Bedcoincident with the onset of gastrulation, and indeed at this stage Smad1 is predominantly expressed in mesodington and Robertson, 1989) , descendants of Smad2 host blastocysts and not wild-type ES cell derivatives dermal cell populations emerging from the streak. At mid-streak stages, posterior mesoderm also strongly probably gave rise to this tissue. Moreover, distinct tissue boundaries normally observed at the junction beexpresses Bmp4 (Winnier et al., 1995) . Thus, the extraembryonic mesoderm fated to give rise to cell types tween epiblast and extraembryonic ectoderm appear proteins responsible for signaling to the nucleus could Correctly targeted clones were injected into C57Bl/6J host blastocysts to generate germ line chimeras using standard procedures in principle cause similar developmental defects. How- (Bradley, 1987) . ever, mutant mice lacking candidate ligands upstream of Smad2, namely TGF␤1-3, activin, and nodal, all display different characteristics. Indeed, TGF␤1-3 (Shull et al.,
Genotyping Procedures
1992; Kulkarni et al., 1993; Kaartinen et al., 1995; Proet- , 1995a, 1995b ) deficient mice are normal at birth. graphed using Nomarski optics.
Experimental Procedures
Analysis of Nodal.LacZ Expression Heterozygous Smad2 ϩ/Ϫ mice were crossed to animals carrying the Generation of Smad2 Mutant Mice A full-length mouse Smad2 cDNA isolated from a 16.5 day mouse nodal.LacZ allele (Collignon et al., 1996) , and the resulting progeny were genotyped for the Smad2 (see above) and nodal.LacZ mutant embryo cDNA library (Novagen) was used to screen a 129/SvJ genomic library (Stratagene). We identified a 2.4 kb EcoRI fragment conalleles (Collignon et al., 1996) . Smad2 ϩ/Ϫ /nodal.LacZ ϩ/Ϫ and Smad2 ϩ/Ϫ animals were intercrossed, and embryos recovered between day taining the first exon (290 bp). To construct a positive/negative targeting vector, the 5Ј 6.0 kb EcoRI fragment and a 5.0 kb HindIII 6.5 and 7.5 pc were stained for ␤-galactosidase activity and processed as described (Collignon et al., 1996) . fragment lying 3Ј to the first exon were ligated to the MC1neopA
Generation and Analysis of Chimeric Embryos
nodal in the formation and maintenance of the primitive streak in the mouse. Development 120, 1919 Development 120, -1928 . Blastocysts recovered from Smad2 ϩ/Ϫ intercross matings were injected with 10-15 R26.1 ES cells as described (Varlet et al., 1997 ).
Crossley, P.H., and Martin, G.R. (1995) . The mouse Fgf-8 gene enFollowing transfer into pseudopregnant foster females, the manipucodes a family of polypeptides and is expressed in regions that lated embryos recovered at 8.5-9.5 days of development were fixed direct outgrowth and patterning in the developing embryo. Developand processed for ␤-galactosidase staining. The genotypes of host ment 121, 439-451. blastocysts were determined retrospectively by PCR genotyping of Dziadek, M. (1978) . Modulation of alphafetoprotein synthesis in the a portion of the extraembryonic endoderm, as described (Varlet et early postimplantation mouse embryo. J. Embryol. Exp. Morph. 46, al., 1997) .
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